We have previously shown GSH transport across the blood-brain barrier in vivo and expression of transport in Xenopus laevis oocytes injected with bovine brain capillary mRNA. In the present study, we have used MBEC-4, an immortalized mouse brain endothelial cell line, to establish the presence of Na ϩ -dependent and Na ϩ -independent GSH transport and have localized the Na ϩ -dependent transporter using domain-enriched plasma membrane vesicles. In cells depleted of GSH with buthionine sulfoximine, a significant increase of intracellular GSH could be demonstrated only in the presence of Na ϩ . Partial but significant Na ϩ dependency of [ 35 S]GSH uptake was observed for two GSH concentrations in MBEC-4 cells in which ␥-glutamyltranspeptidase and ␥-glutamylcysteine synthetase were inhibited to ensure absence of breakdown and resynthesis of GSH. Uniqueness of Na ϩ -dependent uptake in MBEC-4 cells was confirmed with parallel uptake studies with Cos-7 cells that did not show this activity. Molecular form of uptake was verified as predominantly GSH, and very little conversion of [
ϩ -dependent transporter using domain-enriched plasma membrane vesicles. In cells depleted of GSH with buthionine sulfoximine, a significant increase of intracellular GSH could be demonstrated only in the presence of Na ϩ . Partial but significant Na ϩ dependency of [ 35 S]GSH uptake was observed for two GSH concentrations in MBEC-4 cells in which ␥-glutamyltranspeptidase and ␥-glutamylcysteine synthetase were inhibited to ensure absence of breakdown and resynthesis of GSH. Uniqueness of Na ϩ -dependent uptake in MBEC-4 cells was confirmed with parallel uptake studies with Cos-7 cells that did not show this activity. Molecular form of uptake was verified as predominantly GSH, and very little conversion of [
35 S]cysteine to GSH occurred under the same incubation conditions. Poly (A) ϩ RNA from MBEC expressed GSH uptake with significant (ϳ40 -70%) Na ϩ dependency, whereas uptake expressed by poly(A) ϩ RNA from HepG2 and Cos-1 cells was Na ϩ independent. Plasma membrane vesicles from MBEC were separated into three fractions (30, 34 , and 38% sucrose, by wt) by density gradient centrifugation. Na ϩ -dependent glucose transport, reported to be localized to the abluminal membrane, was found to be associated with the 38% fraction (abluminal). Na ϩ -dependent GSH transport was present in the 30% fraction, which was identified as the apical (luminal) membrane by localization of P-glycoprotein 170 by western blot analysis. Localization of Na ϩ -dependent GSH transport to the luminal membrane and its ability to drive up intracellular GSH may find application in the delivery of supplemented GSH to the brain in vivo. Key Words: Blood-brain barrier-Mouse brain endothelial cells-Glutathione -Transport-Membrane vesiclesSodium dependence. J. Neurochem. 73, 390 -399 (1999) .
The blood-brain barrier (BBB) restricts the movement of certain solutes between the blood and the brain. It is well established that the brain endothelial cells are responsible for this selective barrier function. The tight junctions and low rate of pinocytosis are responsible for the exclusion of proteins by the brain. However, low molecular weight, lipid-soluble solutes can diffuse through cell membranes and lipid-insoluble solutes can be transported through selective carrier-mediated transport systems and channels. For example, such transport systems for hexoses and basic and acidic amino acids are known (Oldendorf, 1971) . As in epithelia from kidney tubules and intestinal mucosa, the BBB also exhibits active transcellular transport due to selective or polar distribution of transport proteins between the opposite surfaces of the cells (Betz et al., 1980) . It is well known that glutathione (GSH), an endogenous antioxidant, is important for brain function. GSH deficiency is known to be associated with a number of neurological diseases (Orlowsky and Karnowsky, 1976; Meister and Anderson, 1983) . Our laboratory has been interested in understanding the metabolism of GSH in the brain. We have shown that GSH is transported across the BBB in the rat (Kannan et al., 1990 ) and the guinea pig (Zlokovic et al., 1994) . Transport was dissociated from ␥-glutamyltranspeptidase (GGT)-mediated hydrolysis and resynthesis, was carrier mediated, and exhibited inhibitor specificity (Kannan et al., 1990 (Kannan et al., , 1992 Zlokovic et al., 1994) . Evidence for the expression of Na ϩ -dependent and Na ϩ -independent GSH transporters in bovine brain capillary mRNA-injected oocytes was also presented (Kannan et al., 1996 (Kannan et al., , 1998 . We hypothesized that a Na ϩ /GSH co-transporter might be mediating uphill transport of GSH from blood plasma into brain, whereas the Na ϩ -independent GSH transporter might function mainly as a facilitative efflux transporter.
To better understand the biochemical features and regulation of GSH transport across the brain endothelium, we turned to a culture model of the BBB. To this end, we used an immortalized mouse brain endothelial cell line (MBEC-4) that has been shown to be morphologically similar to brain endothelium. This cell line exhibited properties of the BBB, such as restricted permeability, electrical resistance, and polarity, and was characterized by appropriate marker enzymes (Tatsuta et al., 1992) . The MBEC cells form a monolayer epithelium and express P-glycoprotein in a polarized fashion. By immunoelectron microscopic analysis, P-glycoprotein was shown to be localized to the apical side of the cells and was responsible for transepithelial transport of vincristine and cyclosporin A (Tatsuta et al., 1992; Shirai et al., 1994) . Several clones of MBEC were previously prepared from mouse brain capillaries by Tatsuta et al., (1992) . In the present study, we have used MBEC-4 cells to establish the presence of GSH transport and to identify Na ϩ -dependent GSH transport in cultured cells as well as mRNA-injected oocytes. Three other transformed cell lines, namely, Cos-1, Cos-7, and HepG2, which have previously been shown not to exhibit Na ϩ -dependent GSH transport (Lu et al., 1996) , were used as controls. Furthermore, evidence that the Na ϩ -dependent GSH transporter is located on the apical (luminal) membrane of MBEC cells was obtained from studies using isolated plasma membrane vesicles. (Fariss and Reed, 1987 
EXPERIMENTAL PROCEDURES

Materials and chemicals
Cultured cells
Isolation of the SV40-transformed mouse brain endothelial cell line (MBEC-4) and its biochemical and morphological characterization have been described previously (Tatsuta et al., 1992) . The cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 g/ml streptomycin. Cells from passages 7-12 were used in all cellular uptake studies. HepG2, Cos-1, and Cos-7 cells were obtained from American Type Culture Collection (Rockville, MD, U.S.A.) and grown to confluence using growth media and culture conditions as described previously (Lu et al., 1996) . Total glutathione content of MBEC-4 cells was measured by recycling assay (Tietze, 1969) ; GGT activity was determined as described earlier (Sze et al., 1993) . Protein estimation was made using the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA, U.S.A.).
GSH transport by MBEC-4 cells
Confluent MBEC-4 cells (1-2 ϫ 10 6 cells/well in 12-well plates) were pretreated for 30 min with 0.5 mM acivicin and 10 mM DL-buthionine sulfoximine (BSO) to block degradation and resynthesis of GSH, respectively, before uptake studies were performed. In initial experiments, the optimal incubation time (for deriving linear initial rates) was determined by incubating cells pretreated with BSO and acivicin in NaCl buffer for 5, 10, 15, 30, and 60 min at 37°C (or 4°C) with [
35 S]GSH containing 0.1, 1, or 2 mM GSH.
Cellular radioactivity was determined after three washes with ice-cold NaCl buffer (100 mM NaCl, 1.2 mM MgCl 2 , 0.81 mM MgSO 4 , and 25 mM HEPES/Tris, pH 7.4) containing 5 mM GSH followed by treatment with trypsin/EDTA (0.05 and 0.02%, respectively). The 4°C binding ranged between 10 and 15% of the 37°C values and did not increase with time. As the time course of uptake was linear up to 60 min, all subsequent experiments were carried out in the linear part of the curve for 30 min.
To determine whether uptake exhibited Na ϩ dependency at varying GSH concentrations, uptake was performed for 30 min at 0.05, 0.1, and 1 mM GSH in 10 mM dithiothreitol (DTT) containing ϳ1 Ci of [
35 S]GSH/well in NaCl buffer or choline chloride buffer. The molecular form of uptake was verified by an HPLC method in which the carboxymethyl derivatives of free thiols in cell homogenates were converted to 2,4-dinitrophenyl derivatives before analysis (Fariss and Reed, 1987) . These analyses were performed in samples obtained from studies where cellular GGT was either uninhibited or inhibited by acivicin.
In separate experiments, the effect of various organic anions and GSH analogues on GSH uptake was studied. GSH uptake was measured in NaCl medium at 37°C for 30 min in the presence or absence of 2 mM dibromosulfophthalein (DBSP), 0.1 mM 4,4Ј-diisothiocyanatostilbene-2,2Ј-disulfonic acid (DIDS), and 2 mM S-octyl-GSH.
Effect of extracellular GSH on intracellular GSH
MBEC-4 cells were treated with 10 mM BSO/0.5 mM acivicin for 30 min at 37°C. After a quick wash, they were incubated with 4 mM GSH in NaCl buffer or choline chloride buffer (containing 100 mM choline chloride replacing 100 mM NaCl in the NaCl buffer) for 1 h at 37°C. Viability, as measured by trypan blue exclusion, did not change in either buffer at the end of experiments. Cell diameter was measured using a Coulter channelyzer counter. Cells were washed with the respective buffers, and cellular GSH and protein were determined as described above.
RNA isolation, oocyte preparation, and transport
Poly(A)
ϩ RNA was isolated from MBEC-4, HepG2, and Cos-1 cells using the Fastrack kit from Invitrogen (San Diego, CA, U.S.A.). The A 280 was used to calculate RNA concentration. Isolation of stages 5 and 6 defolliculated oocytes, microinjection of mRNA, and maintenance of injected oocytes in modified Barth's medium were as described previously (Fernandez-Checa et al., 1993; Kannan et al., 1996) . We assessed the functional quality of oocytes by expressing rat sodium taurocholate transport protein and rat organic anion transport protein by injecting oocytes with cRNA of respective clones (made available through the Molecular Biology Core of the USC Center for Liver Diseases). In addition, water-injected controls were included in all experiments to check whether the oocytes were "leaky" or not.
Pilot studies performed to determine the maximal expression of GSH transport revealed that 4 days after poly(A) ϩ RNA injection, expression was maximal. The incubation time for uptake (1 h) was also established from experiments on the time course of GSH uptake for 15, 30, 60, 90, and 120 min. The net uptake of radioactivity in poly(A) ϩ RNA-injected oocytes was linear up to 60 min (data not shown).
Oocytes were injected with equal amounts of poly(A) ϩ RNA (45 ng/oocyte) from MBEC-4, Cos-1, or HepG2 cells. Oocytes were washed three times in either NaCl buffer (NaCl) or choline chloride buffer (Na ϩ -free). NaCl buffer contained 100 mM NaCl, 1.2 mM MgCl 2 , 0.81 mM MgSO 4 , and 25 mM HEPES/Tris (pH 7.4), and choline chloride replaced NaCl isosmotically in the Na ϩ -free buffer. Oocytes were resuspended in 100 l (four to six oocytes) in either buffer in the presence of 1 Ci of [
35 S]GSH (containing 0.05 or 2 mM GSH) in 10 mM DTT. Before the addition of the tracer, oocytes were pretreated with 0.5 mM acivicin for 30 min to inhibit GGT activity. GGT activity in Stage 6 oocytes was below the detection limit of the assay (Fernandez-Checa et al., 1993) . At the end of incubation, oocytes were washed with the respective chilled buffers containing 5 mM GSH. Single oocytes from each group were individually lysed with 1 ml of 10% sodium dodecyl sulfate, and radioactivity in single oocytes was measured in a Beckman scintillation counter after addition of 8 ml of scintillation fluid. Three or four experiments were performed with four to six oocytes per group, and radioactivity in individual oocytes was determined and averaged per group.
Derivation and characterization of luminal and abluminal membrane vesicles
Total plasma membrane vesicles. Total plasma membrane vesicles were prepared by the method of Leier et al., (1994) , with modifications described below. Approximately 6 -8 ϫ 10 8 mouse brain endothelial cells were harvested by centrifugation at 1,200 g for 8 min (r avg , Sorvall SS-34 rotor, 4°C). The cells were suspended in 40 ml of hypotonic lysis buffer (1 mM sodium bicarbonate, pH 7.0, supplemented with a cocktail of protease inhibitors as recommended by the supplier) and gently stirred at 4°C for 1 h. The suspension was then centrifuged at 100,000 g (r avg , Beckman SW 45Ti rotor) for 30 min at 4°C. The resulting pellet was suspended in 20 ml of the lysis buffer and homogenized in a Potter-Elvehjem (S818 pestle, 4°C, 900 -1,100 rpm, at ϳ3 strokes/min). The homogenate was diluted twofold in a buffer containing 520 mM sucrose, 0.4 mM CaCl 2 , and 10 mM HEPES/Tris (pH 7.4) and subsequently centrifuged at 1,200 g for 8 min (r avg , Sorvall SS-34 rotor, 4°C) to pellet the crude nuclear fraction. The supernatant was diluted twofold with the suspension buffer (260 mM sucrose, 0.2 mM CaCl 2 , 5 mM HEPES/Tris, pH 7.4) and centrifuged at 100,000 g (r avg , Beckman SW 45Ti rotor) for 45 min at 4°C. This pellet, representing mixed (total) plasma membranes, was suspended in 15 ml of the suspension buffer.
Separation and isolation of three fractions from mixed plasma membranes. The separation of the two membrane domains (luminal and abluminal) was based on a protocol established by Meier et al. (1984a,b) for the isolation of apical and basolateral membrane fractions from hepatocytes. The total plasma membrane suspension was homogenized at 4 -8°C in a tight glass-glass Dounce homogenizer by 50 strokes. The suspension (3.5 ml) was then layered over a step gradient of 2.5 ml of 30% sucrose (wt/wt, 1.132 g/ml), 2.5 ml of 34% sucrose (wt/wt, 1.146 g/ml), and 4 ml of 38% sucrose (wt/wt, 1.166 g/ml). The tubes were spun at 195,200 g (r avg ) for 2 h at 4°C (Beckman SW41 rotor). The plasma membrane fractions at the interface of the 260 mM sucrose buffer-30% layer, the 30 -34% layer, and the 34 -38% layer were collected. The approximate density of the fractions was determined in a pilot separation of the mixed plasma membrane suspension in a continuous sucrose gradient of 25-40% (wt/wt). Four broad and predominantly turbid bands were observed, whose densities were estimated by the buoyancy of density marker beads in a parallel tube. The individual fractions were diluted in 40 ml of suspension buffer and centrifuged at 100,000 g (r avg ) for 45 min at 4°C. The resulting pellets were suspended in 400 -600 l of the suspension buffer and vesiculated by 20 passages through a 25-gauge needle. Then, 100-to 200-l aliquots of the membrane vesicles were rapidly frozen in liquid nitrogen and stored at Ϫ80°C. Typically, the vesicles were stored at a concentration of Ն4 mg/ml for up to 2 months.
Enzymatic characterization of MBEC membrane fractions. The purity and enrichment of the membrane fractions were monitored by the membrane marker enzymes alkaline phosphatase, Na ϩ ,K ϩ -ATPase (5 mM ouabain inhibitable), and Mg 2ϩ -ATPase. We estimated the contamination of intracellular organelles by measuring the activities of glucose 6-phosphatase (microsomes), acid phosphatase (lysosomes), and succinic dehydrogenase (mitochondria) in each membrane preparation. Mg 2ϩ -ATPase and ouabain-inhibitable Na ϩ ,K ϩ -ATPase activities were measured by the endpoint release of inorganic phosphate (Fiske and SubbaRow, 1925) from ATP. Alkaline phosphatase was measured by quantifying the amount of p-nitrophenol liberated, using p-nitrophenylphosphate as a substrate (Meier et al., 1984a) . Activity of succinic dehydrogenase was determined by the reduction of 2,6-dichlorophenol indophenol by phenazine methosulfate (Hatefi and Stigall, 1978) . Glucose 6-phosphatase and acid phosphatase were measured by the release of inorganic phosphate from glucose 6-phosphate and ␤-glycerophosphate, respectively (Fernandez-Checa et al., 1992) .
Identification of luminal and abluminal membrane fractions. We used P-glycoprotein 170 as a marker of the luminal membrane. P-glycoprotein 170 has been immunolocalized to the luminal domain in these mouse brain endothelial cells (Tatsuta et al., 1992) . Furthermore, we confirmed the adequate separation of membrane fractions by the absence of immunodetectable P-glycoprotein 170 in the membrane fraction at the 34 -38% sucrose interface. As a Na ϩ -dependent transport pathway for D-glucose has been reported in the abluminal domain of bovine brain endothelial plasma membranes (Lee et al., 1997) , we probed the fractions for Na ϩ dependency of D-glucose uptake (see below) to functionally identify the abluminal fraction.
For western blot analysis, plasma membrane proteins (50 g) were electrophoresed in an 8% agarose gel (Bio-Rad) and were transferred to nitrocellulose membranes. Immunoblot analysis was first carried out with a 1:1,000 dilution of monoclonal primary antibody C219 (Signet Laboratories, Dedham, MA, U.S.A.) and then with peroxidase-conjugated anti-mouse IgG at 1:1,000 dilution. P-glycoprotein was detected with the enhanced chemiluminescence western blotting detection system (Amersham, U.K.). Protein from rat liver homogenate (50 g) was used as a positive control in identifying the P-170 band in western blot analysis.
Transport studies in membrane vesicles
The transport of [ 35 S]GSH or D-[ 14 C]glucose was measured by the rapid filtration technique. In brief, frozen membranes were rapidly thawed for 3 min at 37°C in a water bath and vesiculated by 15 passages through a 25-gauge needle. The suspension was diluted (2-3 mg of protein/ml) in an appropriate resuspension buffer and mixed by five more passes through a 25-gauge needle. Uptake of glucose and GSH was measured under a valinomycin-induced (10 -12 g/mg of protein, dissolved in ethanol) K ϩ gradient of 100 mM Ͼ 20 mM, directed outward. To study the effect of Na ϩ on the uptake of D-glucose and GSH, a gradient of Na ϩ out Ͼ Na ϩ in (100 mM Ͼ 0 mM) was applied, in addition to the outwardly directed K ϩ gradient. The incubation buffer in GSH uptake studies had a final composition of [
35 S]GSH (0.005, 0.030, 0.1, 1, 5, 10, and 30 mM), 100 mM NaCl, 20 mM KCl, 1 mM DTT, 0.2 mM CaCl 2 , 5 mM MgCl 2 , 10 mM HEPES/Tris (pH 7.4), and varying amounts of sucrose to maintain isosmolarity. The final composition of the buffer in D-glucose uptake studies that were carried out for various timepoints up to 10 min was identical, except with 0.5 mM D-glucose. The composition of the stop buffer was 100 mM KCl, 60 mM sucrose, 0.2 mM CaCl 2 , 5 mM MgCl 2 , and 10 mM HEPES/Tris (pH 7.4). In some studies, the effect of voltage clamping on GSH uptake was studied by resuspending vesicles in 75 mM K ϩ for 1 h at 25°C in the presence of valinomycin. The incubation buffer and stop buffers also contained 75 mM K ϩ . All membrane fractions were pretreated with 3 mM acivicin for 30 min at 25°C.
Typically, 20 l of membrane suspension (30 -50 g of protein) was preincubated for 3 min at 37°C in water bath. 14 C]glucose transported and bound to membrane vesicles was trapped on 0.45-m cellulose acetate filters by rapid filtration. The filters were washed twice with 4 ml of ice-cold stop buffer, and the radioactivity retained on the filters was measured in a liquid scintillation counter. Care was taken to ensure uniformly low quenching and high efficiency. "Nonspecific" binding was estimated as the amount of radioactivity bound to membranes at 4°C and zero time, by adding a chilled aliquot of membranes to 1 ml of ice-cold stop solution with the radiolabel.
The osmotic response of the membrane vesicles was determined by the net uptake of [ 35 S]GSH in vesicles of varying volumes. The amount of [ 35 S]GSH transported into intravesicular space was estimated at equilibrium (30 min) in the presence of an inwardly directed Na ϩ gradient. The intravesicular volumes were varied by changing the osmolarity of the incubation medium using raffinose, a trisaccharide with a high membrane reflection coefficient. Uptake was terminated with stop solutions of corresponding osmolarity.
We analyzed our kinetic data using the SAAM II program (Simulation, Analysis, and Modeling II; SAAM II User's Guide, SAAM Institute, University of Washington, 1994) for curve fitting and estimation of kinetic parameters as described (Aw et al., 1996; Kannan et al., 1996) . As the kinetic data were obtained from two individual preparations, the values were weighted by their standard deviation to yield approximate kinetic parameters. The substrate to transport rate data were analyzed using three models: (1) a Michaelis-Menten hyperbolic relationship, (2) a sigmoidal Hill equation, and (3) a combination of Michaelis-Menten and Hill models to delineate multiple kinetic components in total GSH transport.
RESULTS
GSH and GGT levels in MBEC-4 cells
Total glutathione level measured by the Tietze assay in MBEC-4 cells from passage 7 through 12 averaged 49.4 Ϯ 11.6 nmol/mg of protein (means Ϯ SD, n ϭ 12). GGT activity was 15 Ϯ 0.4 mU/mg of protein/min, and treatment of MBEC-4 cells with 1 mM acivicin for 30 min decreased the GGT activity to Ͻ1.5 mU/mg of protein/min, which is the lowest detectable limit of the assay. GGT activity in the cultured cells is two-to threefold lower than that of freshly isolated mouse brain capillaries, as reported earlier (Tatsuta et al., 1992) .
Na
؉ dependency of GSH uptake in MBEC-4 cells Figure 1 shows the effect of Na ϩ removal on GSH uptake in MBEC-4 cells and Cos-7 cells under conditions of inhibition of GGT and ␥-glutamylcysteine synthase (GCS) with acivicin and BSO, respectively. Net GSH uptake, expressed as nanomoles per 10 6 cells per hour (Fig. 1) , was significantly lower ( p Ͻ 0.01) in the Na ϩ -free (choline chloride) medium than the Na ϩ -containing (NaCl) medium, whereas GSH uptake in Cos-7 cells was Na ϩ independent, as shown previously in our laboratory (Lu et al., 1996) . Partial Na ϩ dependency of MBEC-4 cells was also seen at 0.05 mM GSH (0.028 Ϯ 0.003 and 0.013 Ϯ 0.002 nmol/10 6 cells/h in the presence and absence of Na ϩ , respectively). To verify that the uptake of radioactivity in experiments described in Fig. 1 is in the form of intact GSH, the molecular form of uptake of radioactivity after 1-h incubation of MBEC-4 cells pretreated with acivicin and BSO was determined. As shown in Fig. 2A , uptake was predominantly (Ͼ92%) in the form of GSH. The HPLC profile was similar when uptake was studied under GGTuninhibited conditions (not shown).
To further exclude the possibility that the observed GSH uptake shown in Fig. 2 is from GGT-mediated
FIG. 1. Effect of replacement of Na
ϩ on net GSH uptake by MBEC-4 and Cos-7 cells. GSH uptake was performed for 30 min at 2 mM GSH in either NaCl buffer (filled columns) or choline chloride buffer (hatched columns) at 37 or 4°C. The cells were treated with 10 mM BSO and 1 mM acivicin for 15 min prior to uptake. Uptake data expressed as nmol/10 6 cells/30 min represent net uptake (uptake at 37°C Ϫ uptake at 4°C) and are means Ϯ SEM from four or five preparations each performed in duplicate.
degradation and subsequent resynthesis, uptake of [ 35 S]cysteine (ϩ50 M cysteine) was examined by HPLC. Cysteine remained exclusively in its native form as cysteine, and no conversion to GSH occurred during the 1-h incubation (Fig. 2B) , indicating that BSO treatment had completely inhibited GSH synthesis.
In experiments designed to assess the effect of potential inhibitors on GSH uptake by MBEC-4 cells, the organic anions DBSP (2 mM) and DIDS (0.2 mM) inhibited GSH uptake significantly, whereas the GSH analogue S-octyl-GSH (2 mM) did not change GSH uptake. Mean Ϯ SD GSH uptake determined without any inhibitor at 1 mM GSH was 0.48 Ϯ 0.06 nmol/10 6 cells, whereas the uptakes with DBSP, DIDS, and S-octyl-GSH were 0.13 Ϯ 0.04, 0.05 Ϯ 0.01, and 0.53 Ϯ 0.04 nmol/10 6 cells, respectively.
Na
؉ -mediated increase in cellular GSH
In an effort to examine whether the Na ϩ -dependent transporter drives up cellular GSH in MBEC-4 cells, we measured GSH in cells after incubation with GSH in NaCl and choline chloride buffers (Table 1) . Cells were pretreated with BSO and acivicin.
Incubation in the presence of NaCl containing 4 mM GSH caused a significant increase in cellular GSH, shown as a percent increase over control incubation without GSH in the medium. Changes in cell GSH in the absence of Na ϩ did not show an increase but were similar or lower than in the corresponding control group (Table 1) . The cell diameters among the controls and groups incubated with GSH in either Na ϩ -containing and Na ϩ -free buffers did not differ significantly from each other (data not shown). This excludes the possibility that Data are means Ϯ SEM (n ϭ 3). MBEC-4 cells were pretreated with 10 mM BSO and 1 mM acivicin for 15 min and incubated with 4 mM GSH for 1 h at 37°C in either NaCl or choline chloride buffer. Intracellular GSH was determined by the recycling assay. Cell diameters measured at the end of the incubations were not significantly different in the presence or absence of GSH as well as between NaCl and choline chloride buffers. R. KANNAN ET AL. changes in GSH concentration in the two groups are due to changes in cell volume. The viability of cells was also similar in all groups.
Expression of GSH uptake in Xenopus laevis oocytes
In initial experiments, the time course of expression of GSH in X. laevis oocytes was studied. Oocytes pretreated with acivicin were injected with equal amounts (25 ng/36 nl) of either water or MBEC mRNA. Although waterinjected oocytes had negligible uptake, expression of GSH uptake in NaCl medium with MBEC mRNA-injected oocytes increased from day 2 and was maximal on day 4. Uptake on day 4 was 15-fold higher than that of water controls (Fig. 3) . All subsequent oocyte expression studies were performed on day 4 after mRNA injection. In separate experiments, the molecular form of uptake was verified to be Ͼ93% GSH by HPLC (not shown).
Effect of removal of Na ϩ on GSH uptake was studied in MBEC mRNA-injected oocytes (Fig. 4) . A comparison of GSH uptake in the presence or absence of Na ϩ in oocytes injected with mRNA from different cell types was made to assess the specificity of Na ϩ requirement for uptake by MBEC mRNA. These parallel uptake studies were performed with mRNA from HepG2 and Cos-1 cells. The latter cell lines in culture have been shown to exhibit Na ϩ -independent GSH transport (Lu et al., 1996) . Uptake was studied for 1 h in acivicin-pretreated oocytes in the presence of 1 mM GSH. Na ϩ removal caused a significant (ϳ70%) decrease in uptake expressed as nanomoles per oocyte per hour in MBEC mRNA-injected oocytes (Fig. 4) . This decrease varied somewhat from experiment to experiment and ranged from 40 to 70%. The data show that a Na ϩ -independent GSH transport system is also expressed. Partial Na ϩ dependency of uptake was also observed for 0.05 and 2 mM GSH concentrations in the medium (data not shown). On the other hand, as expected, uptake was Na ϩ independent in the case of mRNA from HepG2 and Cos-1 cells. The figure also shows that the rate of GSH uptake in MBEC-mRNA was two-to threefold higher than that of Cos-1 and HepG2 mRNA.
Characterization of luminal and abluminal membrane fractions
The specific activity and enrichment of marker enzymes in the membrane fractions are reported in Table 2 . Alkaline phosphatase was asymmetrically distributed and enriched predominantly in the 30% membrane fraction (17-fold). Mg 2ϩ -ATPase was enriched uniformly in both the 30% and the 38% fractions (2.5-and 1.6-fold, respectively), whereas low-ouabain affinity Na ϩ ,K ϩ -ATPase was selectively enriched in the 30% fraction (16-fold), as reported earlier (Nag, 1990; Sanchez del Pino et al., 1995) . With the exception of succinic dehydrogenase (a mitochondrial marker) in the 38% fraction, the subfractions were minimally contaminated by lysosomes (acid phosphatase), endoplasmic reticulum (glucose 6-phosphatase), and mitochondria (30% fraction). These results demonstrate the yield of highly enriched and pure membrane fractions from MBEC-4 cells suitable for functional studies specific to the individual domains.
To identify the domain specificity of the membrane fractions separated from MBEC, we probed for established markers of the luminal and abluminal domains of brain endothelial cells. As P-glycoprotein 170 has been immunolocalized to the luminal membrane domain of intact MBEC cells, we used it to identify the luminal membrane fraction. Similarly, we attempted to identify the abluminal fraction in our separations by the presence   FIG. 3 . Time course of expression of GSH uptake in MBEC mRNA-injected X. laevis oocytes. Oocytes that were pretreated with acivicin were injected with either water (open circles) or MBEC mRNA (25 ng/36 nl; filled circles), and expression was followed as a function of days by studying uptake of 1 mM GSH in NaCl medium at 18°C each day. Data are means Ϯ SE from three oocyte preparations. Four to six oocytes were used in each preparation, and uptake was determined in individual oocytes and is presented as nmol/oocyte/h.
FIG. 4.
Comparison of GSH uptake in presence or absence of sodium in oocytes injected with mRNA from different cell types. GSH uptake was performed on day 4 after water or mRNA injection. Equal amounts of mRNA (45 ng/25 nl) from MBEC, HepG2, or Cos-1 cells were injected into acivicin-pretreated oocytes, and uptake was studied with 1 mM GSH at 18°C in Na ϩ -containing (open columns) and Na ϩ -free (hatched columns) buffers. Data are means Ϯ SEM from three or four preparations, each performed with four to six oocytes per condition. Uptake of radioactivity was determined in individual oocytes for each oocyte preparation.
of an analogous Na ϩ -dependent D-glucose transport system reported by Lee et al. (1997) in abluminal membrane vesicles from bovine BBB. Figure 5A shows the western blot of MBEC-4 fractions. As previously reported, the liver homogenate, which was used as the positive control, showed additional bands in addition to the two at 170 kDa corresponding to P-glycoprotein and at 190 kDa, respectively (Kamath and Morris, 1998) . The observation of two closely occurring bands is consistent with similar findings from other laboratories that suggested that C219 reacts with two proteins of the brain capillaries: P-glycoprotein and an unrelated protein (Jette et al., 1995a,b; Kamath and Morris, 1998) . P-glycoprotein 170 was detected predominantly in the 30% fraction, with weak staining in the 34% fraction. This is expected because the membrane fraction buoyant at the 30 -34% interface represents a mixture of 30 and 38% membrane fragments. Notably, P-glycoprotein 170 was not detected in the 38% fraction (Fig. 5A) , which confirms the purity of the membrane fractions resulting from our separation. We observed substantial Na ϩ -dependent transport of D-glucose exclusively in the 38% membrane fraction, hence presumed to be abluminal membranes (Fig. 5B) . Uptake of D-glucose in the presence of inwardly directed Na ϩ gradient in the 38% fraction was higher at all timepoints studied (not shown). D-Glucose transport in the 30% membrane fraction was Na ϩ independent. Substantial facilitated (passive) transport of D-glucose was observed in both 30 and 38% fractions. Henceforth, the 30% membrane fraction will be referred to as luminal membrane vesicles and the 38% fraction as abluminal membrane vesicles.
Characteristics of GSH uptake in luminal membrane vesicles
Demonstration of uptake in total plasma membrane vesicles by osmotic response. To distinguish net GSH uptake into the intravesicular space from nonspecific binding to membrane proteins, the osmolarity of the incubation medium was varied from 280 to 680 mOsmol/L. As the amounts of luminal and abluminal membrane vesicles in each isolation were limited, we performed these studies in total plasma membrane vesicles, which is a mixture of both. GSH uptake at 5 and 100 M in the presence of an inwardly directed Na ϩ gradient was inversely proportional to medium osmolarity, demonstrating transport into an osmotically active space (data not shown). Extrapolation to infinite osmolarity by simple linear regression showed a binding component (y-intercept) of 10 -25% of total GSH uptake. 
FIG. 5.
Characterization of the luminal and abluminal membrane vesicles: western blot analysis for P-glycoprotein 170 in membrane fractions from MBEC-4 cells (A) and uptake of glucose in luminal (30%) and abluminal (38%) membrane fractions (B). For western blot analysis, plasma membrane proteins (50 g) were electrophoresed in 8% agarose gel and were transferred to nitrocellulose membranes. A 1:1,000 dilution of a primary monoclonal antibody C219 and a 1:1,000 dilution of peroxidase-conjugated anti-mouse IgG were used in immunoblot analysis. Pglycoprotein 170 was detected by enhanced chemiluminescence as a band at 170 kDa (A). The lanes from left to right are as follows: lane 1, 38% fraction; lane 2, 34% fraction; lane 3, 30% fraction; lane 4, mixed membranes from MBEC-4; lane 5, rat liver homogenate. Equal loading of samples was verified by Coomassie Blue gel stain (not shown). A faint band appearing below 170 kDa is not identified but is known to be present in brain capillaries. Uptake of 0.5 mM D-glucose (B) was carried out in the presence or absence of a 100 mM NaCl inwardly directed gradient for 15 s. Values are means Ϯ SE from duplicate determinations in four independent membrane preparations.
Na
ϩ -dependent GSH uptake selective to luminal membrane vesicles. Having thus established the validity of the membrane vesicles, we studied the effect of an inwardly directed Na ϩ gradient on GSH uptake at three concentrations (5 M, 100 M, and 2 mM) in luminal (30%) and abluminal (38%) membrane vesicles. In the presence of the Na ϩ gradient, GSH uptake at all three concentrations was consistently enhanced only in luminal membrane vesicles (Fig. 6) . The magnitude of the increase was at least twofold in all four membrane preparations. Under identical conditions, uptake of GSH by abluminal membrane vesicles was not influenced by the Na ϩ gradient. As our preliminary studies indicated the presence of both Na ϩ -independent and Na ϩ -dependent pathways for GSH in luminal membrane vesicles, we measured GSH uptake in the presence of a valinomycininduced outward gradient of K ϩ . This enabled us to maximize the detection of the Na ϩ -dependent component. In the presence of valinomycin and a voltage clamp (K in ϭ K out ), GSH uptake in the luminal membrane vesicles was consistently enhanced by the Na ϩ gradient, although the magnitude of the increase was ϳ50% (data not shown).
Substantial Na ϩ -independent uptake was observed in luminal membrane vesicles. However, in the presence or absence of Na ϩ , uptake of GSH in abluminal membrane vesicles occurred at a substantially lower rate (Fig. 6) .
Overshoot of Na ϩ -dependent GSH uptake in luminal membrane vesicles. Luminal and abluminal membrane vesicles exhibited time-dependent uptake of GSH, as demonstrated in Fig. 7 . Additional evidence for Na ϩ -driven accumulation of GSH in luminal membrane vesicles is provided by the "overshoot" in uptake above equilibrium values in the presence of an Na ϩ gradient. This overshoot of uptake is a characteristic of many ion-coupled secondary active transporters. The transient accumulation of GSH is indicative of its coupled transfer with Na ϩ ions. An inwardly directed gradient of Na ϩ results in an initial electrochemical gradient of Na ϩ that dissipates rapidly due to ion equilibration. Thus, a transient and concentrative accumulation of GSH occurs, which manifests as an overshoot over the rate measured at an equilibrium point such as 10 min. An overshoot of GSH uptake was not observed in abluminal membrane vesicles (Fig. 7) .
FIG. 6.
Uptake of GSH at three GSH concentrations [5 M (A), 100 M (B), and 2 mM (C)] in the MBEC-4 plasma membrane fractions in the presence or absence of 100 mM NaCl inwardly directed sodium gradient. Values are shown as means Ϯ SE from four independent membrane preparations.
FIG. 7.
Time course of 100 M GSH uptake in luminal (left) and abluminal (right) MBEC-4 membrane vesicles. Uptake was measured under a K ϩ gradient of 100 mM Ͼ 20 mM directed outward. An inwardly directed 100 mM NaCl gradient was also applied in addition to outwardly directed K ϩ gradient and compared with 100 mM KCl (no K ϩ gradient). Data represent means from triplicate determinations of a single preparation from luminal and abluminal vesicles. Na ϩ -driven accumulation of GSH in luminal membrane vesicles is seen as an overshoot on the left, whereas overshoot was not observed in abluminal membrane vesicles on the right.
